Purpose: To describe early macular hole (MH) development in rhegmatogenous retinal detachment (RRD) after scleral buckling (SB) based on optical coherence tomography (OCT) findings.
The pathogenesis of idiopathic full-thickness macular holes (MHs) was proposed as tangential vitreofoveal traction by Gass [1] . Optical coherence tomography (OCT) depicted anteroposterior vitreous traction from perifoveal posterior vitreous detachment (PVD), which is considered the main mechanism for idiopathic MHs [2] [3] [4] [5] [6] [7] [8] [9] . Meanwhile, several studies reported secondary or atypical MH development after scleral buckling (SB) for rhegmatogenous retinal detachment (RRD) [10] [11] [12] [13] [14] . They suggested several theories, including posterior vitreous separation, macular traction from the persistently attached posterior cortical vitreous, and microcytic degeneration of macula. However, the pathogenesis of secondary MH development after retinal detachment (RD) repair has remained unclear. In this study, we investigated and described the process of MH formation in RRD after SB based on serial OCT images.
Materials and Methods
This is a retrospective case series, including RRD patients who developed a new full-thickness MH after successful SB at Pusan National University Hospital in Korea. Patients were informed of all aspects of the procedure, and all patients provided written informed consent. The study was conducted in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. The institutional review board of Pusan National University Hospital waived approval, which is common practice for retrospective studies.
Patients who had concomitant MH with RD at presentation were excluded. Absence of MH was confirmed with ophthalmoscopy examination before and/or during surgery. The operations were performed by three vitreoretinal surgeons (ISB, SWP, and JEL). Cryoretinopexy was performed in all patients at the time of surgery. Subretinal fluid drainage and intravitreal injection of gas were performed at the surgeons' discretion.
The collected clinical data included age, gender, spherical equivalent, lens status, and axial length. The characteristics of RD were reviewed regarding foveal involvement, extension of detachment, location of breaks, and time to MH diagnosis. Development of MH was diagnosed with a biomicroscope and confirmed by spectral domain OCT (Cirrus HD-OCT, Carl Zeiss Meditec, Dublin, CA, USA; Spectralis, Heidelberg Engineering, Heidelberg, Germany). Serial OCT images were reviewed to analyze the process of MH formation.
Results
Among 927 eyes that underwent SB for primary RRD, MH developed in five eyes after surgery. The incidence was 0.54%. The mean age of the patients was 56.0 ± 6.8 years (range, 50 to 67 years). The fovea was detached in all five eyes (Figs. 1-5 ). Three of them were phakic, and two were highly myopic eyes with an axial length of 26 mm or more. No one, however, had chorioretinal atrophy masking the presence of a preoperative MH.
Three underwent segmental SB with silicone sponge, and two received encircling with a silicone rubber band. Subretinal fluid drainage was performed in all five eyes. Two (patient 2 and 5) received intravitreal gas injection at the end of the operation. MHs were diagnosed 7.0 ± 1.4 days (range, 5 to 8 days) on average after SB. The patients' characteristics were summarized in Table 1 .
Spectral domain OCT images demonstrated that common features of a secondary MH after SB differed from those with idiopathic MH. In all of the eyes studied, the fovea appeared to have lamellar holes with loss of the inner retinal tissue before a full-thickness MH developed. The shape was that of a full-thickness MH except for the presence of a membranous tissue at the hole base, which 
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was thought to be the degenerating photoreceptor layer. The outer retina seemed to be cleaved at the external limiting membrane (ELM) (Figs. 1B, 2B, and 3B). Within several days, the outer retinal tissue disappeared and all of the eyes rapidly advanced to a full-thickness MH. In two eyes, this development was accompanied with the resolution of submacular fluid. The mean diameter of holes was as large as 474.6 ± 90.6 mm. The operculum was not seen in all A B C eyes on the OCT images. In three patients, the MH was closed successfully after vitrectomy, internal limiting membrane removal, and gas tamponade. Two patients refused additional treatment for their MHs.
Selected case reports

1) Patient 1
A 57-year-old man had a superior bullous RRD with fovea-off in the right eye (Fig. 1A) . His vision was counting fingers. SB, cryoretinopexy, and drainage of subretinal fluid were performed. Retinal reattachment was achieved successfully. The OCT image of the second postoperative day revealed a lamellar hole with perifoveal elevation and intraretinal cystic changes. The outer retinal tissue bulged due to residual f luid at the fovea. Moreover, the outer retinal layer was cleaved at the level of the ELM (Fig. 1B) . On day 8, the outer retinal tissue of the fovea disappeared and a full-thickness MH developed as large as 504 mm with precipitates found on the base (Fig. 1C) . The MH was closed after vitrectomy, internal limiting membrane peeling, and gas tamponade. Vision was 20 / 200 3 months after MH surgery.
2) Patient 2
A 51-year-old man presented with fovea-off RRD and myopic crescent in his left eye. Weiss ring was clearly visible ( Fig. 2A) . The retina was reattached by scleral encircling, cryoretinopexy, and drainage of subretinal f luid. Intraocular gas was injected to manage the fishmouth phenomenon at the end of surgery. Two days after RRD repair, a lamellar hole with residual subretinal fluid was seen on the OCT scan. The outer retina of the lamellar hole showed a relatively low signal. Retinal cleavage was detected at the level of the ELM (Fig. 2B) . On day 5, the resolution of the subretinal fluid was accompanied with an extinction of the outer retinal tissue, thereby resulting in a full-thickness MH with a flat edge (Fig. 2C) . The size of the hole was 366 mm.
3) Patient 3
A 50-year-old man had superior bullous RD with foveaoff in the right eye (Fig. 3A) . Vision was 20 / 400 at presentation. Successful retinal reattachment was achieved after encircling, cryoretinopexy, and drainage of subretinal fluid. OCT scan detected a lamellar hole with low-signaling outer retinal tissue and cleavage at the level of the ELM the day after surgery (Fig. 3B) . As time passed, the outer retinal tissue of the fovea diminished (Fig. 3C) , and a full-thickness MH developed on day 8. Its diameter was 404 mm, and precipitates were noted on the base of the hole (Fig. 3D) . The hole was closed after MH surgery, but his vision remained 20 / 400 with no further improvement.
Discussion
This study presented five eyes with a lamellar hole in the early postoperative days and the development of a full-thickness MH by progressive disappearance of the outer retinal tissue approximately 1 week after RRD repair with SB. The lamellar hole had a cleft appearance at the level of the ELM. Several additional common characteristics were found. Despite the fast formation of MHs, the mean size was greater than 400 mm. No vitreomacular traction, retinal roof of fovea, or operculum were detected. All had fovea-off RRD at presentation. These findings suggest that MH in RRD developed not only from the vitreo-foveal detachment, but also from a combined mechanism affecting the inner and the outer retina. The development of idiopathic MH was reportedly originally attributed to anteroposterior vitreous traction from perifoveal PVD occurring with the introduction of the OCT scan [2] [3] [4] [5] [6] [7] [8] [9] . This can cause an intraretinal split evolving into cystic space, and then to the disruption of the outer retinal layer and the opening of the fovea, thus constituting a f ull-thickness MH. Previous studies for a secondary or atypical MH after SB for RRD also postulated that persistent vitreo-macula attachment involving the fovea present at the time of RRD repair could develop into a full-thickness MH with the separation of the vitreo-fovea attachment [10] [11] [12] [13] [14] . This mechanism, however, was not supported by OCT scans showing the formation of MH after RRD repair.
There were several proposed explanations for nontypical MH formation. Some studies suggested that other factors, such as microcystic degeneration and hydration of retinal tissue, influenced hole formation in secondary MHs and some idiopathic MHs [10, [15] [16] [17] . Brown [10] suggested that foveal ischemia, resulting from separation between fovea and choroidal circulation, could induce secondary MH after RRD repair.
Delayed formation of a MH between 8 weeks to 2 years after PVD was reported [16, 17] . Further, it was proposed that traction-induced inner foveal damage occurring before or coincident with spontaneous vitreofoveal separation destabilized the fovea and predisposed some eyes to delayed MH formation. Yamada [18] reported that an inverted cone-shaped zone of Müller cells (Müller cell cone), whose base corresponded with the internal limiting membrane and whose apex corresponded with the outer limiting membrane centrally, composed the floor of the fovea and served as a plug, binding together receptor cells in the foveola (Fig. 6A) . Without this plug of glial cells, the retinal receptor cell layer would be highly susceptible to disruption at the umbo and to hole formation under a variety of circumstances, including sensory RD, minor trauma, cystoid macular edema, and macular degeneration [19] . Because of this foveal anatomy, loss of the Müller cell cone by PVD could contribute to inner retinal dehiscence and result in delayed full-thickness MH formation.
Based on the above mechanism and our findings, we suggest that three factors may be related to the early development of MH in RRD after SB. The schematic representation is presented in Fig. 6 . First, the inner retina is damaged due to pre-existing PVD. A glial cone is removed with PVD and the fovea is compromised, making it more susceptible to MH formation (Fig. 6B) . Next is the degeneration of the outer retina due to neurosensory RD. The detached outer retina degrades due to deprivation of nutrition and oxygen perfusion from the choroid to the retina. The photoreceptor layer then separates at the ELM, which provides weak but temporary stability (Fig. 6C) . The last step is the degeneration and phagocytosis of the damaged photoreceptors. After reattachment of the retina, the separated photoreceptors are apposed to the retinal pigment epithelium. The retinal pigment epithelium then absorbs the subretinal fluid and phagocytoses the degenerated photoreceptors to accelerate formation of a full-thickness MH (Fig.  6D ).
Previous studies for MH complications in RRD were consistent with our results. The age of the patients was between 50 and 60 years, and the majority of them had a fovea-off RRD [10, 12, 13, [19] [20] [21] . The holes were large [12, 19, 20] . Secondary MH formation after RRD repair is a rare condition [10, 12, 13] , and the incidence has been unclear so far. A summary of previous studies and ours are presented in Table 2 . However, intervals between SB and MH diagnosis varied. Some studies reported that the time to diagnose a MH was several weeks [10, 13, 20, 21] , and others reported over several months after SB [12, 14, 19] . The dif- ference in the time to diagnosis for MH may result from the fovea status, such as severity of ischemic damage according to the duration of foveal detachment at the time of RRD repair. Differences in postoperative follow-up intervals also could influence the time to detect MH after surgery. Moreover, different mechanisms may exist for late MH formation. Our study has limitations in that it was a retrospective study and the sample size was small. The MH incidence of 0.54% in the current study might be inaccurate, as preoperative and postoperative OCT scans were not obtained in all the eyes. Although it would be difficult to determine the presence of preoperative MH, especially in eyes with high myopia or macular folding. In these cases, there was little chance to miss any preoperative MHs due to careful fundus examination during and after surgery, as well as early postoperative OCT scans showing a preserved outer retina. Moreover, this study demonstrated the process of secondary MH formation in fovea-off RRD by means of serial spectral domain OCT images from lamellar hole to full-thickness MH development.
In summary, full-thickness MH can develop during the early postoperative period in fovea-off RRD after SB. Combined damage to the inner retina due to pre-existing PVD and to the outer retina by ischemia leads to the development of secondary MH. OCT examination is recommended for early detection and intervention.
